Abstract This paper investigates the cooperative multihop cognitive relay networks (CRNs) under a novel two-dimensional spatial-temporal opportunity model, in which free opportunity and sharing opportunity are defined to enhance the spectrum efficiency. Correspondingly, a joint spatial-temporal access scheme (JSTAS) is proposed to realize successive spectrum access for continuous data transmission. The multihop CRNs with fixed relaying employ decode-and-forward with and without signal-to-noise ratio selection, which are named as SDF and DF, respectively. Then, considering the interference constraints from multiple primary receivers, the interference of one primary transmitter and the maximum transmit powers of cognitive users, we study the outage performance of multihop CRNs with JSTAS over Nakagami-m fading. To comprehensively evaluate JSTAS, we further present the pure spatial access scheme (SAS) and the pure temporal access scheme (TAS) under the spatial-temporal opportunity model, and calculate their average network outage probabilities. Simulation results demonstrate that SDF outperforms DF, while JSTAS outperforms SAS and TAS under all considered scenarios.
Introduction
Cognitive radio that aims at improving spectrum efficiency and cooperative communication that intends to enhance transmission performance (e.g., data rate, delay and reliability) are regarded as two promising technologies for future wireless networks. Therefore, cooperative cognitive relay networks (CRNs) have attracted substantial interests in fields such as industrial automation, smart grid and so on. The main advantages of cooperative CRNs include low transmit power with small interference to the primary users (PUs), efficient spectrum utilization, flexible connectivity and coverage, large throughput and high reliability [1] . Currently, the cognitive users (CUs) in cooperative CRNs mainly work in two modes, namely, overlay and underlay [2] .
In the overlay mode, CUs opportunistically access the licensed spectrum that are temporarily detected as vacant for cooperative communication. In [3] , spectrum sensing and data transmission are jointly studied for CRNs with single-relay, and the outage probability is derived for Rayleigh fading. In [4] , the outage probability and the diversity order of CRNs with opportunistic relaying are analyzed for both Rayleigh and Nakagamim fading. More recently, in the presence of eavesdropper, the intercept probability and the outage probability of CRNs with single-relay and multi-relay selection schemes are analyzed in [5] , wherein the security-reliability tradeoff is discussed in detail.
In the underlay mode, CUs are authorized to have a concurrent transmission with PUs on the same licensed spectrum provided that the interference from CUs does not exceed the interference temperature that PUs can tolerate. Under the interference constraint from one primary receiver (PR), the outage performance of CRNs with single-relay over Gaussian and Nakagami-m fading channels is analyzed in [6, 7] , respectively. Furthermore, the outage probabilities of CRNs with multi-relay over Rayleigh and Nakagami-m fading are derived in [8, 9] , respectively. However, all these works [6] [7] [8] [9] assume that the primary transmitter (PT) is far way from CUs in order to ignore its transmission impact on CUs. Thus, with the consideration of PT's interference, the exact and asymptotic outage probabilities of CRNs with single-relay over Rayleigh fading are derived in [10] . Moreover, the interference constraint from PR and the interference of PT are extended from single user to multiple users in [11] , wherein three key constraints are considered, namely, the maximum powers of CUs, the peak interference powers at multiple PRs and the interference of multiple PTs.
Different from [6] [7] [8] [9] [10] [11] that focus on the underlay CRNs with only one source-destination pair and with single-relay or multi-relay, the following works pay attention to the case of CRNs with multi-destination over Nakagami-m fading. Specifically, without the consideration of PT's interference, the outage performances of CRNs with single-relay under the interference constraints from multiple PRs, and with multi-relay under the interference constraint from one PR are investigated in [12, 13] , respectively. Then, with the interference of one PT and the interference constraint from one PR, the exact and asymptotic outage probabilities of CRNs with single-relay are derived for two opportunistic scheduling algorithms in [14] .
In addition to the above works [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] that focus on dual-hop CRNs, a more general scenario of multihop CRNs is receiving more attention, since multihop relaying is an efficient strategy to save power, and improve connectivity or coverage. In [15] , under the interference constraint from one PR, the outage performance of multihop CRNs with imperfect channel state information (CSI) over Nakagami-m fading is investigated. Similarly, the outage performance of cluster-based multihop CRNs with imperfect CSI is further studied in [16] . In [17] , a comprehensive performance study of multihop CRNs with interference constraints from multiple PRs over Nakagami-m fading is provided, and outage probability, error rate and ergodic capacity are derived. In [18] , in the presence of multiple PTs and PRs, the outage performance of multihop CRNs over Nakagami-m fading is investigated. Moreover, aiming at minimizing the outage probability of multihop CRNs, a joint power and channel allocation scheme is proposed in [19] .
However, all the aforementioned works only investigate the temporal or spatial access opportunity corresponding to the overlay or underlay mode, while other recent works [20] [21] [22] [23] [24] that consider both temporal and spatial opportunities are all studied for spectrum sensing rather than spectrum access. Motivated by this fact, we jointly explore the temporal and spatial opportunities for the spectrum access of cooperative multihop CRNs to further enhance transmission performance and spectrum efficiency in this paper.
To be specific, we study the outage performance of cooperative multihop CRNs under a novel two-dimensional spatial-temporal opportunity model, wherein free opportunity and sharing opportunity are defined to enhance the spectrum efficiency. According to the proposed opportunity model, a joint spatial-temporal access scheme is presented to make sure that CUs can successively access the licensed spectrum for continuous data transmission. For a more general scenario, taking the interference constraints from multiple PRs, the interference of one PT and the maximum transmit powers of CUs into consideration, we investigate the multihop CRNs communicating in fixed relaying mode with two forwarding strategies, i.e., decode-and-forward with and without signal-to-noise ratio (SNR) selection, which are named as SDF and DF, respectively. Then, we derive and compare the outage probabilities of multihop CRNs over Nakagami-m fading for different spectrum access schemes, namely, joint spatial-temporal access scheme (JSTAS), spatial access scheme (SAS), and temporal access scheme (TAS). Our analysis reveals that multihop CRNs with SDF have better outage performance than those with DF, and JSTAS always outperforms SAS and TAS under different conditions. The remainder of this paper is organized as follows. Section 2 describes the model of multihop CRNs with fixed relaying and presents two forwarding strategies. Section 3 presents the spatial-temporal opportunity model and proposes the joint spatial-temporal access scheme accordingly. Section 4 derives the outage probability of multihop CRNs over Nakagami-m fading, and Sect. 5 compares the average network outage probabilities of different spectrum access schemes. Then, extensive numerical results are presented to validate the superiorities of the proposed scheme in Sect. 6 and conclusions are drawn in Sect. 7.
System Model
As depicted in Fig. 1 , the primary network is a centralized network that consists of one PT and M closely located PRs. PT and PR are jointly named as PUs which will be used interchangeably in the following paper. The cooperative CRN contains N þ 1 CUs that communicate with each other on the same licensed spectrum shared from PUs. The multihop transmission path is determined by the protocol in the network layer, which results in the fixed relaying mode [15, 18, 19, 25] . For each time end-to-end communication, only when every CU on the multihop path has participated in the communication can the multihop transmission be successful. CUs can be specifically classified into cognitive source, cognitive relay and cognitive destination. The cognitive source S 0 transmits data to the cognitive destination S N with the help of N À 1 cognitive relays in multihop, namely N-hop transmission. Assuming that one time slot is divided into N minislots and time division multiple access mechanism is adopted for each hop transmission, we employ decode-and-forward scheme that the data is regenerated as long as it is received and correctly decoded by CUs. For comprehensive analysis, we present two forwarding strategies called DF and SDF as shown in Fig. 1 .
• For the DF strategy, CU receives data from its single former CU, then decodes and forwards the data without SNR selection since only one copy of data is received. Specifically, at the jth mini-slot, CU j receives data from CU i (i ¼ j À 1), then decodes, re-encodes and finally forwards the data to the following CU jþ1 . As a result, if any CU on the multihop path fails to decode the unique received data, the multihop transmission will fail.
• For the SDF strategy, CU receives data from all the former CUs, then selects the data with the maximum SNR for decoding and forwarding since multiple copies of data are received. Specifically, at the j-th mini-slot, CU j can receive at most j copies of the Fig. 1 System model: R is the transmission radius of PT and R cov is the coverage radius of PUs, R cov [ R forwarded data from CU i (i\j). Then, CU j selects the data with the maximum SNR to decode, and forwards the regenerated data to the successors. Thus, if the best received data is unsuccessfully decoded by any CU on the multihop path, the transmission will fail.
For each hop transmission, the received signal r j at CU j (j ¼ 1; . . .; N) can be expressed as
where s i is the transmitted signal from CU i (i ¼ 0; . . .; N À 1) whose transmit power is P i and its value is configured according to the spectrum access scheme that will be discussed in the next section. s p is the transmitted signal at PT with regular power P, where s p ¼ 0 indicates that PT is inactive. n j is the additive white Gaussian noise with mean zero and variance N 0 . h ij and h pj denote the channel gain coefficients from CU i and PT to CU j , respectively. Similarly, the channel gain coefficient from the m-th (m ¼ 1; . . .; M) PR to CU j is denoted as h mj .
In this paper, all the transmission channels suffer from independent Nakagami-m fading, as a result of which the power gain coefficient g XY ¼ jh XY j 2 ðX ¼ i; p; m; Y ¼ jÞ follows Gamma distribution with fading severity parameter m XY and channel power X XY . The probability density function (PDF) and the cumulative distribution function (CDF) of g XY are given as [26] f g XY Assuming that the fading channels in the multihop CRN are independent identically distributed (i.i.d.), we denote m ij ¼ m s and X ij ¼ X s for notational convenience. As the distance between PT and CUs are usually far longer than that among CUs, the fading channels from PT to each CU are also regarded as i.i.d. and parameterized with m p and X p . Similarly, we denote m mj ¼ m r and X mj ¼ X r since all PRs are located closely. Note that the channels from the transmitting CU, PT, and PRs to the receiving CU are independent but not necessarily identically distributed (i.n.i.d.).
3 Joint Spatial-Temporal Access Scheme
Spatial-Temporal Opportunity Model
When CUs access the licensed spectrum authorized to PUs, there are both temporal opportunity and spatial opportunity for CUs.
The temporal opportunity depends on the states of PUs and the detection of CUs. In this paper, the states of PUs are modeled as an ON-OFF process in which ON represents the presence of PUs and OFF represents absence of PUs. Assuming that the occurrence of PUs follows the Possion arrival process, the durations of ON and OFF follow exponential distribution with mean a 1 and a 0 , respectively. Consequently, the probabilities of PUs in The spatial opportunity is closely related with the positions of PUs and CUs. According to the transmit power of PT and the channel state, the transmission radius R of PT can be measured. If any PR is beyond this transmission range, it may not work properly since the received power from PT is smaller than a predefined threshold. In addition, there should be a guard region around the transmission range of PT to protect the boundary PRs from interference. Thus, we define the coverage region of PUs as the area that PT and PRs can work normally without interference. The radius of the coverage region is denoted as R cov , and obviously R cov [ R. If a CU is outside the coverage region of PUs, it obtains a spatial opportunity that it can freely access the licensed spectrum no matter PUs are ON or OFF. When there is a spatial opportunity, it is denoted as S 0 , otherwise it is denoted as S 1 .
Jointly considering the temporal opportunity and the spatial opportunity, we formulate a two-dimensional spatial-temporal opportunity model as shown in Fig. 2 . If there is a spatial opportunity and/or a temporal opportunity, i.e., S 0 [ H 0 (the quadrants in green), CUs can freely access the licensed spectrum without power control. Thus, we collectively term the three cases S 0 [ H 0 as free opportunity and denote it as O 0 . On the contrary, if there is neither a spatial opportunity nor a temporal opportunity, i.e., S 1 \ H 1 (the quadrant in yellow), CUs need to perform power control to acquire a sharing opportunity which is denoted as O 1 . In this way, we make sure that CUs can successively access the licensed spectrum for continuous data transmission, while the interference to PUs is limited to an acceptable level.
Joint Spatial-Temporal Access Scheme
Based on the spatial-temporal opportunity model described above, a joint spatial-temporal access scheme is proposed to realize continuous data transmission for the multihop CRN.
First, each CU performs spatial position sensing to decide whether it is inside or outside the coverage region of PUs. The spatial position sensing methods can be spatial sensing indicates that CUs should transmit with power control algorithms [21] [22] [23] [24] , or the position technologies that are based on signal strength, angle-ofarrival or time-of-arrival [27] . Since position technologies are mature enough, the results of spatial position sensing are regarded as accurate without spatial false alarm or spatial miss detection [28] .
Then, each CU determines whether or not to perform temporal spectrum sensing according to the results of spatial position sensing. If CU is outside the coverage region of PUs, which indicates that a free opportunity is available, it does not need to carry out temporal spectrum sensing and can transmit in its maximum power P s , i.e., P i ¼ P s . However, if CU is inside the coverage region of PUs, it needs to perform temporal spectrum sensing to decide whether there is a free opportunity or a sharing opportunity. The temporal spectrum sensing methods can be energy detection, match filter, cyclostationary feature detection and so on [29] . Current problems of temporal spectrum sensing are the existings of temporal false alarm and temporal miss detection which cannot be avoided by the present technologies. However, spatial position sensing and temporal spectrum sensing are not the main concern of this paper and our attention is paid on the spectrum access scheme.
Finally, each CU selects its transmission scheme according to the results of temporal spectrum sensing. If PUs are detected as OFF, CU obtains a free opportunity, which means it can transmit without power control and therefore configures P i ¼ P s . On the contrary, if PUs are detected as ON, there is only a sharing opportunity for CU and it has to control its transmit power to protect PUs. Thus, with the consideration of both the interference constraints from multiple PRs and the maximum transmit power of CU, the controlled power is set as P i ¼ min 
Outage Performance Analysis
In this section, we derive the outage probability of multihop CRN with DF and SDF over Nakagami-m fading under the spatial-temporal opportunity model. Outage probability [3] is the probability that the instantaneous mutual information falls below a predefined threshold rate C th . C th is also named as outage capacity which is an appropriate metric for the capacity of CRNs since only a cross section of the channel characteristics is experienced during the transmission period of a block of information [30, 31] . Mathematically, for N-hop transmission, the outage probability of a single link is calculated as
where g is the SNR on the link between two CUs. 1/N is set due to the fact that one-hop mini-slot is one over N of the total transmission time slot.
For the multihop CRN with DF strategy, the outage probability of CU j is calculated as
since CU j (j ¼ 1; . . .; N) receives only one copy of the data from its single former relay CU i (i ¼ j À 1) and decodes it without SNR selection for forwarding. For the multihop CRN with SDF strategy, the outage probability of CU j is calculated as
since CU j (j ¼ 1; . . .; N) receives multiple copies of the data from all its former relays CU i (i\j) independently and decodes the data with the maximum SNR for forwarding.
With the outage probability of a single CU in hand, we can calculate the network outage probability of N-hop CRN as
due to the fact that the transmission of multihop CRN with fixed relaying can be successful only if all the CUs on the path from the cognitive source to the cognitive destination are available. If outage happens to any CU, the multihop transmission fails. Obviously, to calculate the network outage probability, we need to derive the CDF of g ij , i.e., F g ij ðgÞ. As g ij is influenced by the transmit power of CU, the probable interference of PT, noise and the channel state, we will derive the CDF of g ij for four different cases according to the results of spatial position sensing and temporal spectrum sensing in the following.
Case 1 Free opportunity is correctly detected. As depicted in Fig. 2 , the free opportunity contains spatial opportunity and/or temporal opportunity. When a free opportunity is correctly detected by CU i , which means that it is outside the coverage region of PUs and/or PUs are OFF, CU i will set its transmit power as P i ¼ P s . Thus, the SNR at CU j is calculated as g ij ¼
. Note that when CU i is outside the coverage region of PUs while PUs are ON, the interference from PT is so limited that can be ignored. As g ij is a Gamma random variable with parameters m s and X s , the CDF of g ij is derived as
Case 2 Free opportunity is falsely detected.
As we have assumed that the results of spatial position sensing are accurate, the false detection of free opportunity indicates that temporal miss detection happens. That is to say, CU i is inside the coverage region of PUs while PUs are ON, but CU i mis-detects the presence of PUs and sets its transmit power as P i ¼ P s , which will cause interference to PUs. Consequently, the SNR at CU j is given by g ij ¼ Pigij Pg pj þN 0 , where PT is conversely regarded as the interference to CU j . As both g ij and g pj are independent Gamma random variables with parameters m s , X s and m p , X p , respectively, the CDF of g ij is derived as follows:
where WðÁ; Á; ÁÞ is the confluent hypergeometric function of the second kind defined as (9.211.4) in [26] and it is used to solve the integral in (9) to achieve the closed-form CDF.
Case 3 Sharing opportunity is falsely detected. As spatial position sensing is accurate, the false detection of sharing opportunity refers to temporal false alarm, which indicates that CU i is inside the coverage region of PUs and detects PUs as ON when it is actually OFF. Consequently, CU i misses the free opportunity but sets the transmit power as P i ¼ min Proof According to the definition of SNR for this case, the CDF of g ij is calculated as 
Then, F 31 ðgÞ is derived as follows: 
where the first term is calculated as the same as (8) and the second term is calculated by submitting
Ps into the CDF of g ri as given in (12) . Finally, by substituting (14) and (15) into (11) and doing a series of algebraic operations, we obtain (10) , wherein the interference constraints from multiple PRs, the interference of PT, and the maximum transmit power of CU are all taken into consideration. Then, the CDF of g ij can be expressed as the following lemma.
Lemma 2 The CDF of g ij for Case 4 is given by 
where
Proof Following the same steps in Lemma 1, the CDF of g ij can also be separated as the following expression. 
UðgÞ;
where the equations (8.352.6) and (9.211.4) in [26] are utilized in the same way as deriving (9) . Then, F 42 ðgÞ can be calculated as (20) shown in the following, since the three Gamma random variables g ij , g pj and g ri are statistically independent.
where the first term is calculated by the same way as (9) and the second term is calculated by simply submitting
into (12) . Finally, we obtain (16) by substituting (19) and (20) into (18) with some mathematical manipulations. h To the best of the authors' knowledge, the integral of UðgÞ cannot achieve a closedform expression, but it can be efficiently evaluated with the help of Matlab or Mathematica.
After deriving the CDF of g ij for the above four different cases, i.e., F ðnÞ g ij ðgÞ, n 2 f1; 2; 3; 4g, we can compute Prðg ij 2 NC th À 1Þ as F ðnÞ g ij ð2 NC th À 1Þ to further calculate the outage probability of a single CU as (5) or (6). In doing so, the network outage probabilities for multihop CRN with DF and SDF are respectively calculated as follows:
Performance of Different Schemes
To comprehensively evaluate the outage performance of the proposed scheme, we further compute the average network outage probability for three different spectrum access schemes, i.e., JSTAS, SAS and TAS, under the spatial-temporal opportunity model. To gain insights into these spectrum access schemes, we present two special scenarios that all CUs are completely inside or outside the coverage region of PUs. Taking CUs as a whole, we denote d as the distance between CUs and PT, and further assume that CUs share the same results of spatial position sensing and temporal spectrum sensing. In this way, the network outage probability (i.e., P DF out or P SDF out ) is in accordance with F ðnÞ g ij for the same scenario. Thus, we denote P ðnÞ out (n 2 f1; 2; 3; 4g) as the network outage probabilities for both DF and SDF, in place of P DF out and P SDF out that are denoted separately.
Joint Spatial-Temporal Access Scheme
According to JSTAS described in Algorithm 1, CUs firstly perform spatial position sensing to judge the spatial opportunity. If there is a spatial opportunity, temporal spectrum sensing is not needed. Thus, the average network outage probability is only determined by the results of spatial position sensing. On the contrary, if there is no spatial opportunity, CUs must execute temporal spectrum sensing to further evaluate whether or not there is a temporal opportunity. Consequently, the average network outage probability depends on the results of both spatial position sensing and temporal spectrum sensing. To summarize, the average network outage probability of JSTAS is given by
where P d is the probability of detection, which represents the probability that CUs correctly detects the present of PUs when it is active, while P f is the probability of false alarm, which represents the probability that CUs falsely detects the present of PUs when it is inactive.
Spatial Access Scheme
Pure SAS is mainly utilized in the underlay CRNs in which CUs transmit concurrently with PUs. Therefore, SAS mostly refers to the power control schemes in order not interfere PUs, such as [30, 31] , etc.. In this subsection, for fair comparison, we present a hybrid SAS that combines spatial position sensing and power control. Similar to JSTAS, CUs firstly perform spatial position sensing to decide whether it is inside or outside the coverage region of PUs. If there is a spatial opportunity, power control is not needed and CUs can transmit with the maximum power, i.e., P i ¼ P s . However, if no spatial opportunity is available, CUs must control the transmit power with the interference constraints from multiple PRs, i.e., P i ¼ min . As a result, the average network outage probability of SAS is calculated as
Temporal Access Scheme
Pure TAS primarily refers to the opportunistic spectrum access scheme that is utilized by the overlay CRNs. Thus, the access opportunity is no longer related to the spatial positions, but completely depends on the states of PUs and the result of temporal spectrum sensing by CUs. Therefore, two cases should be taken into consideration. One case is that there is a temporal opportunity and CUs access the licensed spectrum for data transmission, but outage occurs due to low power, interference or some other reasons. The other case is that no temporal opportunity is detected and CUs are prevented to access the licensed spectrum. Furthermore, with the consideration of temporal false alarm and temporal miss detection, the above two cases are divided into four cases since the results of temporal spectrum sensing are inconsistent with the practical states of PUs. As such, the average network outage probability of TAS is calculated as
Simulation Results
In this section, we present simulation and numerical results for the multihop CRN with different spectrum access schemes (i.e., JSTAS, SAS and TAS) to validate the superiorities of the proposed scheme. For fair comparison, all these schemes are evaluated under the proposed spatial-temporal opportunity model. Simulation parameters are set as follows. The mean ON and OFF durations of PUs are set as a 1 ¼ 200 ms and a 0 ¼ 800 ms, which result in PðH 1 Þ ¼ 0:2 and PðH 0 Þ ¼ 0:8, respectively. The number of PRs is set as M ¼ 5. To satisfy the IEEE 802.22 specification, the probability of detection and the probability of false alarm are set as P d ¼ 0:9 and P f ¼ 0:1, respectively. The noise variance is normalized to one, i.e., N 0 ¼ 1. Then, the regular power of PT and the peak interference power at PRs are set as P ¼ 25 dB and I p ¼ 10 dB, respectively. The outage capacity is set as C th ¼ 1 bit/sec/Hz unless otherwise stated. For the Nakagami-m fading channels, without loss of generality, the fading severity parameters are set as m s ¼ m p ¼ m r ¼ 2, and the channel powers are set as
, where the path loss factor is set as q ¼ 3, and the reference distance is set as d 0 ¼ 1 m. Figures 3, 4 and 5 depict the relationship between the average network outage probability and the maximum transmit powers of CUs for JSTAS, SAS and TAS. Let the maximum transmit power P s vary between 5 and 20 dB, we can evaluate the outage performance under different maximum transmit powers. As shown in Figs. 3, 4 and 5, there is a good match between the theoretical results denoted by lines and the simulation results denoted by marks. When P s is small enough, i.e., P s ¼ 5 dB, the outage probabilities of the three spectrum access schemes are all very large. However, with the increase of P s , the outage probabilities decrease accordingly and gradually tend to be invariant. This can be illustrated by the fact that large enough transmit power is the essential for making sure that each hop transmission is successful, which will further enhance the performance of multihop transmission. Another significant observation is that the outage performance for the outside scenario is better than that for the inside scenario since there is no interference from PT in the former scenario. In particular, the outage probability of TAS for the outside scenario is similar to that for the inside scenario since CUs with TAS only transmit in their maximum power without power control wherever they are inside or outside the coverage region of PUs. The only reason causing this small disparity is that the interferences from PT for the outside scenario and the inside scenario are different. In any case, the outage performance of JSTAS is always better than those of SAS and TAS, no matter CUs are inside or outside the coverage region of PUs. In Fig. 4 , the outage performance for different numbers of hops is compared. Obviously, as the number of hops grows up, the outage probabilities for all the spectrum access schemes increase correspondingly. The reason should be that the communication of multihop CRN becomes vulnerable when the number of hops increases. Anyhow, JSTAS is more robust than SAS for the inside scenario and than TAS for the outside scenario when the number of hops increases. Then, we investigate the impact of channel quality on the outage performance of triple-hop CRN in Fig. 5 . The fading severity parameters are set as m s ¼ m p ¼ m r ¼ 1 and m s ¼ m p ¼ m r ¼ 3, which means that the former fading channel is worse than the latter one. It can be observed that, when the fading severity parameters increase from 1 to 3, the average network outage probabilities decrease more quickly and become steady earlier. Figure 6 compares the average network outage probability versus the peak interference power at multiple PRs for triple-hop CRN employing DF and SDF. The maximum transmit powers of CUs is set as P s ¼ 15 dB, and the peak interference power I p varies from 10 dB to 20 dB. With the relaxation of interference power constraints, the outage probabilities of JSTAS and SAS drop quickly and finally become constant, while the outage probability of TAS remains unchanged since this scheme neither investigates the interference constraints nor performs power control. A similar observation to Fig. 3 is that the outage performance of multihop CRN with SDF is better than that with DF due to the same reason. Figure 7 further investigates the impact of PR's numbers on the outage performance of triple-hop CRN employing SDF, wherein only the inside scenario is shown for the plots' clarity. Apparently, for JSTAS and SAS, more PRs will lead to the decrease of outage performance, since the constraints become strict with the number of PRs increasing. Fig. 7 Average network outage probability versus peak interference power: P s ¼ 15 dB, P ¼ 25 dB, N ¼ 3, d\R cov constraint, the outage probability holds at zero, which means that CUs can successively access the licensed spectrum without outage. While for TAS, its initial outage probability is larger than those of JSTAS and SAS since TAS has the basic outage probability for being prohibited to access the licensed spectrum under the overlay mode. Then, with the outage capacity increasing, especially after exceeding 1 bit/sec/Hz, the outage probabilities grow up quickly. When the outage capacity attains 2 bits/sec/Hz, the outage probabilities of triple-hop CRN with different spectrum access schemes approach to one. However, such strict constraint is usually not recommended.
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Conclusion
In this paper, taking the interference constraints from multiple PRs, the interference of one PT and the maximum transmit powers of CUs into consideration, we investigated the cooperative multihop CRN with fixed relaying that adopts DF and SDF under a novel opportunity model. We first presented the two-dimensional spatial-temporal opportunity model and defined the free opportunity and the sharing opportunity to enhance the spectrum efficiency. Correspondingly, the JSTAS was proposed to achieve successive spectrum access for continuous data transmission. Then, we derived the outage probability of multihop CRN over Nakagami-m fading, and compared the average network outage probabilities of JSTAS, SAS and TAS. Our analysis demonstrated that JSTAS always outperforms SAS and TAS for the multihop CRN with both SDF and DF, even when the maximum transmit powers of CUs are small, the interference constraints from multiple PRs are strict or the outage capacity is large. 
